Abstract. Yes-associated protein 1 (YAP1) is a transcriptional regulator of the Hippo pathway, which regulates the development and progression of a number of types of cancer, including that of the colon. In the present study, the expression levels of Hippo pathway genes and their clinical significance were investigated in 458 patients with colon adenocarcinoma (COAD), the most frequently diagnosed neoplastic disease globally, using data obtained from The Cancer Genome Atlas database. Notably, mRNA expression of YAP1 was higher in COAD than in other types of gastrointestinal tract cancer. Expression of YAP1 mRNA was higher in COAD than in normal colon samples and was significantly higher in Tumor-Node-Metastasis (TNM) stages III-IV than in stages I-II. YAP1 protein levels, a protein primarily localized in the nucleus, was greater in TNM stages III-IV than in stages I-II. The level of pYAP1, which is inactive and localized in the cytoplasm, was significantly higher in TNM stages III-IV than in stages I-II. However, the YAP1/pYAP1 ratio, which is representative of activity, was higher in TNM stages III-IV than in stages I-II. High mRNA expression of YAP1, TAZ and TEAD4 was associated with a poor prognosis in patients with COAD. Bioinformatics analysis revealed that YAP1 was associated with DNA duplication, cell proliferation and development. Wnt signaling and transforming growth factor-β signaling were significantly higher in the high-YAP1 group, according to data from Gene Set Enrichment Analysis. Taken together, the results indicate that the subcellular distribution of YAP1 and high mRNA expression of YAP1, TAZ and TEAD4 may be associated with poorer overall survival rates in patients with COAD.
Introduction
Yes-associated protein 1 (YAP1) and its transcriptional co-activator with PDZ-binding domain taffazin (TAZ) form the backbone of the Hippo pathway kinase cascade, which is involved in regulation of tissue homeostasis, organ size, regeneration and tumorigenesis (1) . In mammals, the Hippo pathway is comprised of the core kinase complexes mammalian Ste2-like kinase 1 and 2 (MST1 and MST2) and large tumor suppressor kinase 1 and 2 (LATS1 and LATS2) (2) . Upon activation of the Hippo pathway, the inhibitory MST/LSTS kinases phosphorylate YAP1 and TAZ. This phosphorylation leads to the nuclear exclusion of YAP1 and TAZ, which are then sequestered and undergo ubiquitin-mediated proteasomal degradation in the cytoplasm to suppress the expression of YAP1-and TAZ-regulated genes (3, 4) . If molecular events, including crosstalk with oncogenic signaling pathways, trigger the dysregulation of the Hippo pathway, YAP1/TAZ are translocated into the nucleus (5) . There, they interact with four transcriptional enhancer associated domain (TEAD) transcription factors, TEAD1-4, and promote cell proliferation and inhibit apoptosis (6) .
The Hippo pathway was first hypothesized to be important in human cancer when tissue overgrowth was observed in Drosophila melanogaster flies with mutations in the Hippo pathway (7) (8) (9) . A number of studies have indicated that human tumors use these biological properties of YAP1 to foster their own proliferation, progression and metastasis (4, 10, 11) . Increased activation of YAP1 has been identified in a broad range of carcinomas including lung cancer, colorectal cancer, ovarian cancer, prostate cancer, melanoma and glioblastoma, and has often been associated with poor prognosis (12) (13) (14) (15) (16) (17) (18) . However, the exact function of YAP1 in the tumorigenesis of certain types of cancer remains obscure, despite its oncogenic behavior in several types of cancer. In breast cancer, nuclear YAP1 expression does not differ significantly between normal (14) . In hematological malignancies, including lymphoma and multiple myeloma, the expression of YAP1 is markedly downregulated (19) . In colon cancer, several studies reported that YAP1 is overexpressed, contributes to tumorigenesis and is associated with poor prognosis (20) (21) (22) . However, Yuen et al (23) demonstrated that TAZ was the only prognostic marker in colorectal cancer. The functions of YAP1 and Hippo pathway genes have not yet been fully investigated in a large cohort of patients with colon cancer. Therefore, in the present study, the expression levels of Hippo pathway-associated genes including YAP1, TAZ,  TEAD1, TEAD2, TEAD3, TEAD4, MST1, MST2, LATS1 and LATS2 were investigated and their clinical significance evaluated in a population of 458 patients with colon adenocarcinoma (COAD) using data obtained from The Cancer Genome Atlas (TCGA) research network (https://cancergenome.nih.gov/).
Expression of Hippo pathway genes and their clinical significance in colon adenocarcinoma

Materials and methods
Gene expression profiling. Level 3 mRNA expression data from 41 normal samples and 458 COAD samples were obtained from TCGA database (https://portal.gdc.cancer.gov/). Raw data were initially analyzed using R software (v.3.2.5) (24) . Chip data were normalized using the RankNormalize module in GenePattern (https://genepattern.broadinstitute.org). GeneNeighbors and ClassNeighbors, modules programmed in GenePattern, were used to select genes closely associated with YAP1 (25) . cBioportal (http://www.cbioportal. org/) and Firebrowse (http://firebrowse.org) were used to analyze mRNA expression and alterations in Hippo pathway genes.
Functional enrichment analysis. Differentially expressed genes were imported into the Database for Annotation, Visualization and Integrated Discover y (DAVID; http://david.abcc.ncifcrf.gov/) (26) for Gene Ontology (GO)-based functional enrichment analysis. Gene Set Enrichment Analysis (GSEA) was utilized to identify mRNAs predicted to associate with pathways in C2 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway gene sets (27, 28) . GO categories encompass three domains: Biological processes, cellular components and molecular functions.
Sur vival analysis. Cutoff Finder (http://molpath. charite.de/cutoff) was used to determine threshold values in mRNA and protein expression of COAD using log-rank tests (29) . Cumulative event (mortality) rate was calculated using the Kaplan-Meier method, with the time to the first event as the outcome variable. The probability of recurrence and calculated risk for recurrence were determined by actuarial analysis. The criteria for statistical analysis were the date of surgery and the date of mortality.
Statistical analysis. The distributions of characteristics between the two groups were compared using unpaired Student's t-test for continuous variables (or the Kolmogorov-Smirnov test when the expected frequency within any cell was <5) and the χ 2 test (or Fisher's exact test when the expected frequency within any cell was <5) for categorical variables. The distributions of characteristics between >3 groups were compared using analysis of variance and Newman-Keuls post-hoc test. Survival curves were compared by the log-rank test for various recurrence factors and Cox's model for multivariate analysis. P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using the GraphPad Prism 
Results
Cross-cancer mRNA expression of YAP1. The fold change of YAP1 mRNA expression compared with 41 normal control samples in cases of COAD was higher than that in four other gastrointestinal cancer types; Esophageal carcinoma, stomach and esophageal carcinoma, stomach adenocarcinoma and rectal carcinoma in TCGA database. Clinicopathological information for the patients is presented in Table I . YAP1 mRNA expression was increased in COAD, stomach adenocarcinoma and rectal carcinoma, but decreased in esophageal carcinoma and 'stomach and esophageal carcinoma' combined compared with normal samples (Fig. 1A ).
mRNA expression of Hippo pathway genes in COAD.
The Hippo pathway genes included in the present study were YAP1, TAZ, TEAD1, TEAD2, TEAD3, TEAD4, MST1, MST2, LATS1 and LATS2 (Table II) . The fold change in mRNA expression in COAD compared with normal control samples identified that YAP1, TAZ, TEAD1, TEAD2, TEAD4, MST1 and MST2 were highly expressed in COAD compared with normal control samples, with TEAD4 and MST1 exhibiting the largest shifts. However, TEAD3, LATS1 and LATS2 exhibited lower expression in COAD than in normal control samples.
mRNA and protein expression of YAP1 in various
Tumor-Node-Metastasis (TNM) stages of COAD. To examine the association between YAP1 expression and the location and progression of COAD, the expression of YAP1 was studied according to the location and TNM stage of COAD (30) . YAP1 mRNA expression was significantly increased in the sigmoid colon compared with the ascending colon and hepatic flexure ( Fig. 1B ) and in TNM stages III-IV compared with stages I-II (Fig. 1C ). Protein expression of YAP1 was markedly increased in TNM stages III-IV compared with stages I-II (Fig. 1D ).
The serine-1217-phosphorylated form of YAP1 (pYAP), which is inactive and localized in the cytoplasm, was significantly increased in TNM stages III-IV compared with stages I-II ( Fig. 1E ). However, the YAP/pYAP ratio, which represents YAP1 activity, was increased in TNM stages III-IV compared with stages I-II (Fig. 1F ).
YAP1 mRNA and protein expression in T, N and M stages.
To investigate the association between YAP1 expression and progression of COAD in more detail, the mRNA and protein expression of YAP1 was examined in each of the T, N and M stages. In the T stage, YAP1/pYAP was significantly increased in T3-4 compared with T1-2 stages ( Fig. 2A-D ). In the M stage, YAP1 mRNA and protein expression were significantly increased in N1-2 compared with N0 ( Fig. 2E-H ). Although mRNA expression and protein expression of YAP1 were higher in M1 than in M0, the differences were not significant ( Fig. 2I-L ).
GeneNeighbors analysis of YAP1. The 100 genes most closely associated with YAP1 were selected using the GeneNeighbors program ( Fig. 3 ) and were classified using DAVID. The genes were sorted into three groups: GO terms that differed significantly served functions in: i) Biological processes, ii) cellular components, and iii) molecular functions. Genes that were highly expressed in COAD and associated with biological processes were mainly associated with DNA duplication (positive regulation of G 1 /S transition, nucleotide excision repair and DNA duplex unwinding) (Fig. 3B) . As for cellular components, highly expressed genes in COAD were primarily associated with the cytoplasm and membrane (focal adhesion, apical plasma membrane and membrane). Regarding molecular functions, genes that were expressed at a high level in COAD were primarily associated with protein binding (Ran GTPase-binding and poly (A) RNA binding) and nuclear export. In addition, when genes were analyzed according to cell signaling pathway (KEGG), the tight junction pathway was the most significant.
ClassNeighbors analysis of YA P1. Analysis using ClassNeighbors divided the COAD samples in to two classes: Class A contained the most marked 10% of YAP1-upregulated COAD samples and class B contained the most marked 10% of YAP1-downregulated COAD samples (Fig. 4A) . Of the 20,502 probe sets, the 150 genes that were most significantly associated and most highly expressed in classes A and B were selected (Table III) . DAVID analysis classified these genes into groups based on the GO terms: i) Biological processes, ii) cellular components and iii) molecular functions, as well as iv) KEGG pathways (Fig. 4) . Genes highly expressed in class A were mainly associated with development (multicellular organism development, somatic stem cell population maintenance and anatomical structure morphogenesis) and pathways (Wnt signaling pathway, pathway restricted SMAD protein phosphorylation) in biological processes; the plasma membrane (apical plasma membrane, integral component of plasma membrane and cytoplasmic side of plasma membrane) in cellular components; activity (growth factor activity and transcriptional activity) and binding [sequence-specific DNA binding and transforming growth factor-β (TGF-β) receptor binding] in molecular function; and signaling pathways (Wnt signaling, TGF-β signaling) in KEGG pathways. Genes highly expressed in class B were mostly associated with ions (cellular response to zinc ion and cadmium ion, and negative regulation of growth) in biological process; integral component of plasma membrane and pronuclear region of cytoplasm in cellular components; activity (phospholipase A2 activity and prostaglandin E receptor activity) in molecular function, mineral absorption in KEGG pathways.
GSEA analysis. GSEA was conducted to compare more specifically the significantly enriched pathways between classes A and B (Table IV) . In class A, pathways involving Wnt signaling, TGF-β signaling and Hedgehog signaling were significantly enriched compared with class B. In class B, pathways were mainly involved in the intestinal immune network for immunoglobulin A, antigen processing and presentation and chemokine signaling. In class A, Wnt and TGF-β signaling were associated with cancer progression (Fig. 5A) . Immune-associated signaling pathways were associated with class B (Fig. 5B) .
Survival analysis.
To determine the prognostic significance of Hippo pathway genes in patients with COAD, the association between mRNA expression of Hippo pathway genes and overall survival was evaluated using Kaplan-Meier curves (Fig. 6) . High mRNA expression of YAP1, TAZ, TEAD4 and LATS2 was significantly associated with poor prognosis in COAD.
Discussion
In the present study, the expression of YAP1 mRNA in cases of COAD was identified to be higher than that in other types of gastrointestinal tract cancer. YAP1 mRNA expression was significantly increased in the sigmoid colon compared with the ascending colon and hepatic flexure, and in advanced TNM stages. YAP1 protein was highly expressed in advanced TNM stages, and pYAP1 levels were high; however, YAP1/pYAP1 was also higher in the advanced TNM stages. When YAP1 expression was compared separately for each of the TNM stages, YAP1/pYAP1 was only significantly elevated in advanced T stages, but was markedly higher in the advanced N and M stages. YAP1 mRNA and pYAP1 levels were significantly elevated in the advanced N stage. YAP1 was mainly associated with cell proliferation and development. WNT and TGF-β signaling were significantly enriched in the high YAP1-expression group, as assessed by GSEA. Finally, YAP1, TAZ, TEAD4 and LATS2 mRNA expression were associated with poor overall survival rates in patients with COAD. Evidence indicates that the right and left sides of the colon exhibit significantly different histological and molecular characters (31) (32) (33) (34) . At the molecular level, genes are significantly differentially expressed between right-and left-sided colon cancer (33) . In the present study, expression of YAP1 mRNA in COAD was significantly higher in the sigmoid colon than in the ascending colon and hepatic flexure. Although levels of pYAP1 were increased in advanced TNM stages, the YAP1/pYAP1 ratio, which represents the nuclear activity of YAP1, was consistently higher in advanced TNM stages, particularly in the advanced T stage.
Increases in the expression of YAP1 and other Hippo pathway genes have been investigated in multiple types of cancer, including cancer of the liver, colon, lung and prostate (12) (13) (14) 35, 36) . In liver cancer, YAP1 was identified as an independent prognostic marker for overall and disease-free survival (36) . In ovarian cancer, YAP1 has a marked association with poor prognosis (16) . In colon cancer, several studies have reported that Hippo pathway genes were overexpressed and associated with poor prognosis (20) (21) (22) (23) . Wang et al (21) reported that co-overexpression of YAP1 and TAZ is an independent predictor of prognosis for patients. Liang et al (22) demonstrated that YAP1 and TEAD1 were upregulated and MST1 and LATS2 were down regulated in colorectal cancer. Yuen et al (23) reported that TAZ exhibited greater prognostic value than YAP1 in colorectal cancer. In accordance with previous findings, the present study demonstrated that YAP1 and TAZ were highly expressed and associated with poor overall survival in COAD (Fig. 6 ). In addition, the present study identified that TEAD4 was significantly associated with poor prognosis (P=0.038; Fig. 6H ). Among upstream components, MST1/2 was highly expressed, whereas LATS1/2 was expressed at a low level. Although LATS2 exhibited low expression in the present study, LATS2 was associated with poor overall survival. In the hippo pathway, YAP1, TAZ, TEAD4 and LATS2 genes may be able to serve as molecular markers in COAD.
To verify the function and mechanism of YAP1 in COAD, bioinformatics analysis was conducted. GeneNeighbors analysis revealed that cell proliferation and protein binding-associated genes were associated with YAP1 in 458 samples from patients with COAD (Fig. 3) . Additionally, ClassNeighbors analysis classified YAP1-expressing COAD samples into class A, which expresses genes associated with development, stem cell maintenance and growth factor activity, and class B, which expresses genes associated with the negative regulation of growth, cellular response to ions and mineral absorption. Class A genes enhance development and cell growth-associated functions, whereas class B genes enhance the suppression of cell growth and mineral interaction-associated functions. GSEA was performed to compare pathways that were enriched between classes A and B. In class A, pathways involved in tight junction, Wnt signaling, TGF-β signaling and adherens junctions pathways exhibited greater activity than those in class B. In class B, pathways involved in primary immunodeficiency, intestinal immune network for immunoglobulin A production and regulation of autophagy were enriched. The Hippo pathway is able to interact with other oncogenic signaling pathways, including Wnt, TGF-β, Sonic hedgehog, Notch and epidermal growth factor receptor/KRAS proto-oncogene, GTPase pathways, to modify more downstream components (37, 38) . In the present study, YAP1 expression was associated with Wnt signaling and TGF-β signaling, which are associated with cancer progression (1, 39) . Additionally, GSEA also identified that YAP1 was associated with RNA polymerase, basal transcription factors, ECM receptor interaction and adherens junction in COAD.
In conclusion, the expression and clinical significance of Hippo pathway genes in COAD was investigated using a cohort of 458 patients obtained from TGCA. YAP1 mRNA was highly expressed in sigmoid colon cancer. YAP1 activity was consistently higher in advanced TNM stages, particularly in the advanced T stage. YAP1 was associated with proliferation and development, and was significantly associated with Wnt and TGF-β signaling, as indicated by bioinformatics analysis. High mRNA expression of YAP1 and its associated genes, TAZ, TEAD4 and LATS2, was significantly associated with poor patient prognosis in COAD. However, further study is required to confirm the prognostic value of TAZ, TEAD4 and LATS2, and the underlying molecular mechanisms of their functions in COAD. Figure 6 . Kaplan-Meier analysis of the association between Hippo pathway genes and overall survival. In order to investigate the Hippo pathway, survival was studied against levels of (A) YAP1 mRNA, (B) YAP1 protein and (C) pYAP1 protein. The mRNA levels of (D) TAZ, (E) TEAD1, (F) TEAD2, (G) TEAD3, (H) TEAD4, (I) MST1, (J) MST2, (K) LATS1 and (L) LATS2 were also assessed. Cutoff Finder was used to determine cut-off values in mRNA and protein expression of colon adenocarcinoma using log-rank tests. mRNA of YAP1, TAZ, TEAD4 and LATS2 exhibited the poor prognosis. YAP1, yes-associated protein 1; pYAP, phosphorylated form of YAP1; TAZ, taffazin; TEAD, transcriptional enhancer associated domain; MST, macrophage stimulating; LATS, large tumor suppressor kinase.
